We have conducted transcriptome analysis and have identified a number of genes that are upregulated by treatment with the endoplasmic reticulum (ER) stress inducer tunicamycin. Here we focused on one particular gene of unknown function. This gene, designated tunicamycin induced 1 (TIN1), encodes an open reading frame consisting of 424 amino acids with a putative signal peptide. TIN1 orthologs are present in several plant species, including poplar, rice, and moss, but not in other organisms, including yeast and animals. Transcriptional induction of TIN1 by ER stress was regulated in part by AtbZIP60, a membrane-bound transcription factor activating many ER stress-responsive genes. In agreement with increases of TIN1 transcripts, the TIN1 protein accumulated in response to tunicamycin treatment. It was localized at the ER when fused with a fluorescent protein. These results represent a first step toward elucidating the molecular function of TIN1.
Secretory and membrane proteins synthesized on the rough endoplasmic reticulum (ER) of eukaryotic cells enter the ER as unfolded polypeptide chains. These proteins must undergo proper folding and modifications such as N-linked glycosylation and disulfide bond formation in the ER before transportation to subcellular compartments where they perform their functions. This process is assisted by molecular chaperones and folding enzymes located in the ER. The most abundant ERresident molecular chaperone is BiP, an Hsp70 family protein that facilitates protein folding with several accessorial factors, including J protein, an Hsp40 family protein.
1) The formation of disulfide bonds is catalyzed by an oxidoreductase, protein disulfide isomerise (PDI).
2) Calreticulin (CRT) and its membrane-anchored form calnexin (CNX) are lectin chaperones that recognize the N-linked glycan chain attached to proteins undergoing folding in the ER.
3) Unfolded or misfolded proteins that fail to fold are retrotranslocated from the ER to the cytosol and then degraded by the ubiquitinproteasome system, a process called ER associated protein degradation (ERAD). 4) The proteins involved in these processes constitute an ER protein quality control system that ensures full functionality of the secretory and membrane proteins.
Disruption of this process causes an accumulation of unfolded proteins in the ER, so-called ''ER stress.'' To cope with ER stress, eukaryotic cells activate a number of genes involved in the ER protein quality control system. This protective response is termed the ER stress response, or the unfolded protein response (UPR). 5, 6) The molecular mechanism of the ER stress response has been extensively characterized in yeast and mammalian cells, and transcription factors activating the ER stressresponsive genes have been identified: HAC1 in yeast and XBP1, ATF6, OASIS and CREBH in mammals. [7] [8] [9] [10] [11] Recent studies of mammalian cells have indicated that the ER stress response plays essential roles in a wide variety of cellular processes. 12, 13) In contrast to yeast and mammalian cells, the molecular mechanism of the ER stress response had been less explored in plants. We have identified AtbZIP60, an Arabidopsis (Arabidopsis thaliana) membrane-bound basic leucine zipper (bZIP) transcription factor activating the ER stress response. [14] [15] [16] AtbZIP60 is synthesized as a precursor form anchored in the ER membrane, and is cleaved off in response to ER stress. The cytosolic fragment, containing a bZIP domain, then translocates into the nucleus, where it acts as a transcription factor. Using the N-linked glycosylation inhibitor tunicamycin as an ER stress inducer, we conducted transcriptome analysis and identified a number of tunicamycin-responsive genes. 14, 17) We found that these genes include those for ER protein quality control, including ER-resident molecular chaperones, such as BiP, J protein, PDI, CNX, and CRT, and that the induction of many of these genes is mediated by AtbZIP60. Furthermore, we identified y To whom correspondence should be addressed. Fax: +81-72-254-9424; E-mail: nkoizumi@plant.osakafu-u.ac.jp Abbreviations: AZC, azetidine-2-carboxylate; bZIP, basic leucine zipper; CNX, calnexin; CRT, calreticulin; DMSO, dimethyl sulfoxide; DTT, dithiothreitol; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum associated protein degradation; MS, Murashige and Skoog; PDI, protein disulfide isomerise; TAIR, The Arabidopsis Information Resource; TIN1, tunicamycin induced 1; UPR, unfolded protein response; UPRE, unfolded protein response element some tunicamycin-inducible genes that did not show homology to any genes of known function. Elucidating the function of such genes should contribute to a better understanding of the components of ER quality control in plants. To this end, the present study was conducted, focusing on one particular gene that is highly upregulated by tunicamycin treatment.
Materials and Methods
Plant materials. Arabidopsis thaliana (Col-0) seedlings were grown in half-strength Murashige and Skoog (MS) medium 18) supplemented with 1% w/v sucrose under a 16-h-light/8-h-dark cycle. Arabidopsis thaliana suspension cell line MM2d 19) was derived from the Landsberg erecta ecotype and was cultured in MS medium supplemented with 3% w/v sucrose, 200 mg/l of KH 2 PO 4 , 1 mg/l of thiamine hydrochloride, 100 mg/l of myoinositol, and 0.2 mg/l of 2,4-dichlorophenoxyacetic acid at 25 C. A proportion of the cells was transferred to new medium once a week.
Bioinformatics. The genomic, cDNA, and amino acid sequences of the Arabidopsis TIN1 gene (AGI code; At5g64510) were obtained from The Arabidopsis Information Resource (TAIR) website (http://www.arabidopsis.org/). 20) To identify TIN1 orthologs in other plant species, a BLASTP search was performed using the Arabidopsis TIN1 amino acid sequence as a query against the following databases: the DOE JGI Genome Portal website (http://genome.jgi-psf.org/) for poplar (Populus trichocarpa), sorghum (Sorghum bicolor), and moss (Physcomitrella patens), and the Rice Genome Annotation Project website (http://rice.plantbiology.msu.edu/) for rice (Oryza sativa spp japonica cv Nipponbare). No TIN1 homolog was detected in other eukaryotes, including yeast and animals, by BLASTP search against the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) nr database. The accession numbers are estExt Genewise1Plus.C LG IX2669 (poplar), Sb03g035690 (sorghum), Os01g56180 (rice), fgenesh1 pg.scaffold 66000032 (moss). Amino acid sequence alignment was done using ClustalW 2.0 21) and was visualized using alignment editor GeneDoc 2.7.000. 22) Prediction of signal peptide cleavage sites was done using SignalP 3.0 (http://www.cbs.dtu.dk/ services/SignalP/) by the neural networks method.
23)
RT-PCR. Ten-d-old Arabidopsis seedlings were treated with 5 mg/ml of tunicamycin, 2 mM dithiothreitol (DTT), or 2 mM azetidine-2-carboxylate (AZC) for the indicated time periods. Total RNA was extracted using an RNeasy plant mini kit (Qiagen, Valencia, CA) and was reverse-transcribed with oligo (dT) primer using an ExScript RT reagent Kit (Takara, Otsu, Japan). For quantitative real-time PCR measurement, the reaction was carried out with a LightCycler 480 Instrument (Roche Diagnostics, Mannheim, Germany). TIN1 and Act8 transcripts were amplified using SYBR Premix Ex Taq (Takara) with primers for Act8. The PCR products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining.
Dual-luciferase reporter assay. An effector plasmid harboring AtbZIP60ÁC or GUS driven by the CaMV35S promoter, a reporter plasmid harboring the firefly luciferase gene driven by the BiP3 promoter, and a reference plasmid harboring the Renilla luciferase gene driven by the CaMV35S promoter were described previously. 16, 24) To construct TIN1 promoter-luciferase reporter plasmid, the TIN1 promoter fragment was amplified by PCR using primers 5 0 -GGG-TCGACAAAAAATAACTTAATAGTCCATTACGACATG-3 0 and 5 0 -GGGGATCCACCCATCTTGGATGACCAAAAAAAACC-3 0 using genomic DNA extracted from Arabidopsis Col-0 seedlings as template DNA. The BiP3 promoter fragment of the BiP3 promoter-luciferase reporter plasmid was replaced with the TIN1 promoter using BamHI and SalI.
Transient transformation of protoplasts was done as previously described. 16, 25) In brief, protoplasts prepared from Arabidopsis suspension cells were transfected with plasmids and then incubated in MS medium supplemented with 0.4 M mannitol for 16 h. For tunicamycin treatment, 5 mg/ml of tunicamycin or 0.1% dimethyl sulfoxide (DMSO) as solvent control was added to the MS medium before incubation. Reporter assay was performed using the Dual-luciferase reporter assay system (Promega, Madison, WI) following the manufacturer's instructions.
Immunoblot analysis. For preparation of antibody against TIN1 protein, cDNA fragments encoding a putative mature TIN1 protein (amino acids 28-424), in which a putative signal peptide was removed, was PCR amplified using primers 5 0 -CACCTCGTCTCCTGATGC-TAATCCTCCTTA-3 0 and 5 0 -CAAGGTAAAAGGGCTTGGAGGA-GACTC-3 0 and inserted into pBAD102/D/TOPO vector (Invitrogen, Carlsbad, CA). The recombinant TIN1 fused with thioredoxin and hexahistidine tags Trx-TIN1-Hisx6 was expressed in Escherichia coli TOP10 (Invitrogen), and purified with Ni-NTA Agarose (Qiagen), and used to immunize rabbits.
For immunoblot analysis, 10-d-old Arabidopsis seedlings were treated with 5 mg/ml of tunicamycin for the indicated time periods and homogenized in an extraction buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 0.05% Tween 20, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 5 mg/ml of leupeptin). The homogenate was centrifuged at 12;000 g for 10 min, and the soluble proteins in the supernatant were collected. The protein concentration was quantified using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) with bovine serum albumin as standard. Protein extracts were loaded on an SDS-PAGE gel (Mini Electrophoresis System, Bio-Rad). After electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane, and immunoreactive proteins were detected with anti-TIN1 antibody, followed by anti-rabbit IgG-HRP (Bio-Rad) using ECL Plus protein gel blotting detection reagent (Amersham Biosciences, Piscataway, NJ) following the manufacturer's instructions.
Microscopic analysis. For the TIN1-GFP construct, a TIN1 cDNA fragment was amplified by PCR using primers 5 0 -AATCTAGAA-TGGGTCACAGAGTATTGGT-3 0 and 5 0 -TTCCATGGTTCAAGGT-AAAAGGGCTTGGAG-3 0 and cloned in pGEM-T Easy Vector (Promega). The TIN1 cDNA fragment was inserted using XbaI and NcoI between the CaMV 35S promoter and the GFP gene of the plasmid 35S:GFP/pBI221 described previously.
26) The 35S:TIN1-GFP fragment of this plamid was exchanged with 35S:AtbZIP28-GFP in the previously reported vector containing 35S:SP-RFP-HDEL and 35S:GFP-AtbZIP28 27) using EcoRI and XbaI. The resulting plasmid, containing 35S:SP-RFP-HDEL and 35S:TIN1-GFP, was used in a transient assay using protoplasts. Transfection of plasmids into the protoplasts was done as described above. Protoplasts were observed using an LSM510META confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany).
Results and Discussion
Identification of a gene highly induced by tunicamycin treatment in the Arabidopsis transcriptome Our previous transcriptome analysis identified a number of tunicamycin-responsive genes. 14, 17) Of the genes upregulated 5 h after tunicamycin treatment, BiP3 was the most highly induced. The second most highly induced gene (AGI code At5g64510) showed no apparent homology with any previously characterized genes. It is designated here tunicamycin induced 1 (TIN1). The TIN1 gene encodes a protein of 424 amino acids. Homologous proteins with TIN1 are present in several plant species, including the moss Physcomitrella patens (Fig. 1) , but not in other organisms such as yeast and animals. The Arabidopsis TIN1 protein was 64%, 52%, 51%, and 35% identical to poplar, sorghum, rice and moss orthologs, respectively.
A putative signal peptide was present at an N-terminal end of all of these TIN1 homologs, suggesting that they enter the ER. Three potential N-glycosylation sites present in Arabidopsis TIN1 were also found in TIN1 orthologs of poplar, rice, and sorghum, whereas the second and third ones, but not the first one, were conserved in the moss TIN1 (Fig. 1) . Since TIN1 did not contain any of functional domains previously reported, it is difficult to predict its molecular function from the amino acid sequences. TIN1 does not possess a canonical ER retention signal (HDEL or KDEL) at the C-terminal end, although many proteins coded for by ER stress-inducible genes are localized in the ER by virtue of an ER retention signal. 14, 28, 29) Expression profiles of TIN1 To confirm induction of the TIN1 gene in response to tunicamycin treatment revealed by previous transcriptome analysis, 14, 17) we performed RT-PCR analysis. As shown in Fig. 2A , TIN1 transcripts were clearly increased by tunicamycin treatment. The TIN1 gene was also induced by treatment with other ER stress inducers, dithiothreitol (DTT, a reducing agent that inhibits disulfide bond formation) and azetidine-2-carboxylate (AZC, a proline analog that causes protein misfolding via incorporation into newly synthesized polypeptide chains instead of proline), indicating that induction of the TIN1 gene is due to ER stress rather than to inhibition of N-linked glycan chain biosynthesis per se.
Previous transcriptome analysis indicates that induction of TIN1 was less pronounced in atbzip60, a T-DNA insertion mutant of the AtbZIP60 gene, than in the wild type. 14) To confirm this, the induction profiles of the TIN1 transcripts were compared between the wild-type and atbzip60 by quantitative RT-PCR. As shown in Fig. 2B , the TIN1 transcripts accumulated greatly under tunicamycin treatment, and this induction was significantly reduced in atbzip60. This suggests that AtbZIP60 mediates the activation of TIN1 transcripts.
Induction was not fully abolished, indicating that an alternative transcription factor is involved in the induction of TIN1. Very recently, a microarray analysis using a T-DNA insertion mutant of AtbZIP28, another regulator of the Arabidopsis ER stress response, 30) was reported. 31) That group reported that a subset of tunicamycin-responsive genes, including TIN1, were differentially regulated between wild-type and mutant plants, indicating that AtbZIP28 is also involved in the induction of TIN1.
Activation of the TIN1 promoter Our observation that TIN1 transcripts strongly increased after tunicamycin treatment indicates that the TIN1 promoter is activated during the ER stress response. Indeed, the promoter region of TIN1 contains three copies of the cis-element unfolded protein response element (UPRE, TGACGT-GR) 14) (Fig. 3A) . To determine whether the promoter region is involved in the induction of TIN1, a reporter assay was conducted. The 5 0 upstream region of TIN1 was fused with the firefly luciferase gene and transiently expressed in protoplasts. As shown in Fig. 3B , the TIN1 promoter was clearly activated by tunicamycin treatment, as well as the BiP3 promoter. Identical amino acid residues common to all species are shaded in black, and conserved residues in three or four species are highlighted with gray boxes. Putative signal peptides are underlined. Three putative N-linked glycosylation sites present in Arabidopsis TIN1 are indicated by triangles. Note that all three N-linked glycosylation sites are found in poplar, sorghum, and rice TIN1s, whereas the second and third ones, but not the first one, are conserved in moss TIN1. At, Arabidopsis thaliana; Pt, Populus trichocarpa; Sb, Sorghum bicolor; Os, Oryza sativa; Pp, Physcomitrella patens.
Since the accumulation of TIN1 transcripts due to tunicamycin treatment was clearly reduced in the atbzip60 mutant, we next examined the effect of AtbZIP60 on the activation of the TIN1 promoter. AtbZIP60ÁC, an active, truncated form of AtbZIP60 in which the C-terminal region including the transmembrane domain is deleted, 16, 24) was co-expressed with the luciferase gene driven by the TIN1 promoter. As shown in Fig. 3C , luciferase activity under the control of the TIN1 promoter was clearly activated by co-expression of AtbZIP60ÁC, suggesting AtbZIP60-dependent regulation of the TIN1 promoter. Co-expression of AtbZIP60ÁC affected the BiP3 promoter more strongly than the TIN1 promoter (Fig. 3C) as did tunicamycin treatment (Fig. 3B) . This might reflect a difference in the induction rates of the TIN1 and BiP3 genes observed in our previous transcriptome analysis. 14, 17) Accumulation and localization of the TIN1 protein To analyze the TIN1 protein, we raised anti-TIN1 antibody using the bacterially expressed TIN1 protein as an antigen and carried out immunoblot analysis. Consistent with the increase in TIN1 transcripts, a signal having a predicted molecular weight of the mature TIN1 protein (44 kDa) increased after tunicamycin treatment (Fig. 4A) . The signal became detectable 5 h after tunicamycin treatment, and stronger at 16 and 24 h.
To determine the intracellular localization of the TIN1 protein, TIN1 fused with GFP was transiently coexpressed with ER marker SP-RFP-HDEL 27) under the CaMV 35S promoter in protoplasts prepared from Arabidopsis suspension cultured cells. Fluorescence derived from TIN1-GFP, but not GFP alone, clearly overlapped with that of SP-RFP-HDEL (Fig. 4B) , suggesting that TIN1 is localized in the ER. However, the data presented here do not exclude the possibility that the endogenous TIN1 protein is a secretory protein since fluorescence was detected in the ER of cells overexpressing GFP with a signal peptide. 32) Additional experimental evidence is necessary to confirm the ER localization of TIN1. Since TIN1 does not contain a canonical ER retention signal (HDEL or KDEL), its ER localization might be due to its association with ER resident proteins if TIN1 is in fact localized in the ER. A similar observation has been made as to Arabidopsis SDF2, an ER luminal protein that does not contain a canonical ER retention signal. 33, 34) Previous observations have indicated that many ERresident proteins coded for by ER stress-inducible genes are involved in the ER protein quality control system including ER-resident molecular chaperones and ERAD A, RT-PCR analysis of TIN1 transcripts by treatment with ER stress inducers. Ten-d-old Arabidopsis seedlings were treated with 5 mg/ml of tunicamycin (Tm), 2 mM DTT, or 2 mM AZC for 5 h. RNA was extracted, reverse-transcribed, and subjected to PCR amplification to detect TIN1 transcripts, as well as Act8 transcripts as control. PCR products were separated on agarose gel electrophoresis and visualized by staining with ethidium bromide. B, Quantitative RT-PCR analysis of TIN1 transcripts by tunicamycin treatment in the wild-type and the atbzip60 mutant. Ten-d-old wild-type and atbzip60 mutant seedlings were treated with 5 mg/ml of tunicamycin for the indicated durations. RNA was extracted, reverse-transcribed, and subjected to quantitative real-time PCR analysis. The transcript abundance of TIN1 was normalized by that of Act8. Error bars represent the SE for three independent experiments. A, Schematic representation of the TIN1 promoter. A black and a white box represent a coding sequence and an untranslated region, respectively. The cis-elements UPRE on the TIN1 promoter are indicated by gray boxes. B, Activation of the TIN1 and BiP3 promoters by tunicamycin treatment. Protoplasts were transfected with the various reporter plasmids, and incubated in the presence of 5 mg/ml of tunicamycin (þTm) or 0.1% DMSO (ÀTm) for 16 h. A plasmid carrying the Renilla luciferase gene driven by the CaMV 35S promoter was co-transformed for normalization. Relative activity represents activities relative to basal activity obtained from the construct with the TIN1 promoter. Data represent means with SE for three independent experiments. C, Activation of the TIN1 and BiP3 promoters by co-expression of AtbZIP60ÁC. A transient assay was carried out as described under (B). Instead of tunicamycin treatment, an effector plasmid carrying AtbZIP60ÁC driven by the CaMV 35S promoter was co-transformed. A plasmid carrying GUS driven by the CaMV 35S promoter was used as a control effector. Relative activity represents activity relative to that of constructs with the TIN1 promoter and GUS. Data represent means with SE for three independent experiments. components in yeast, mammalian, and plant cells. 14, 28, 29, 35) Hence it is reasonable to conjecture that the TIN1 protein functions in the ER protein quality control system. Since the TIN1 protein does not contain any previously characterized functional domains, one possibility is that it functions as a cofactor for molecular chaperones, as does the J protein for BiP. The fact that TIN1 orthologs are found only in plant species might be indicative of TIN1 0 s function in some plant-specific cellular processes. We believe that the present study serves as a first step toward elucidating the molecular function of TIN1. 
